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Purpose: Telepresence surgery is a novel technology that will allow procedures to be 
performed on a patient at locations that are physically remote from the operating surgeon. 
This new method provides the sensory illusion that the surgeon's hands are in direct 
contact with the patient. We studied the feasibility of the use of telepresence surgery to 
perform basic operations in vascular surgery, including tissue dissection, vessel manipu- 
lation, and suturing. 
Methods: A prototype telepresence surgery system with bimanual force-reflective manipu- 
lators, interchangeable surgical instruments, and stereoscopic video input was used. 
Arteriotomies created ex vivo in segments of bovine aortae or in vivo in femoral arteries 
of anesthetized swine were dosed with telepresence surgery or by conventional techniques. 
Time required, technical quality (patency, integrity of suture line), and subjective difficulty 
were compared for the two methods. 
Results: All attempted procedures were successfully completed with telepresenee surgery. 
Arteriotomy closures were completed in 192 + 24 sec with conventional techniques and 
483 + 118 sec with telepresence surgery, but the precision attained with telepresence 
surgery was equal to that of conventional techniques. Telepresence surgery was described 
as intuitive and natural by the surgeons who used the system. 
Conclusions: Blood-vessel manipulation and suturing with telepresence surgery are 
feasible. Further instrument development (to increase degrees of freedom) is required to 
achieve operating times comparable toconventional open surgery, but the system has great 
potential to extend the expertise of vascular surgeons to locations where specialty care is 
currently unavailable. (J VAse SURG 1996;23:281-7.) 
Surgery has always required that the hands of a 
surgeon be placed directly in a wound. The rapid 
emergence of minimally invasive surgery, however, 
has conclusively proven that for many procedures 
indirect tissue visualization and manipulation can 
provide results that are at least as good as those 
obtained with a conventional open approach. 1,2 In 
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vascular surgery, percutaneous endovascular tech- 
niques have been effective for treating atherosclerosis 
with methods that minimize complications and 
hasten recovery. 
Although a number of techniques and instru- 
ments currently used in minimally invasive therapy 
were proposed years ago, the ability to make the 
transition from science fiction to reality required the 
maturation of enabling technologies. Similarly, ad- 
vances in computer, communications, robotics, and 
display technologies have enabled the development 
of  telepresence surgery? 
The fundamental principle of a telepresence 
surgery system is to extend a surgeon's psychomotor 
skills and problem-solving abilities to a remote 
environment. The goal of telepresence t chnology is
to project a surgeon's manual dexterity to a remote 
location while providing real-time tactile and visual 
feedback from the location to the surgeon. 4 Unlike 
telerobotic surgery, in which a robotic manipulator is 
directed by preprogrammed computer instructions, 
or surgical virtual reality, 5in which manipulations are 
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performed in a simulated environment, elepresence 
is a unique human-machine t chnology that directly 
and transparently projects a surgeon's motions to a 
remote location. 6
The potential applications oftelepresence surgery 
are myriad. It would allow surgeons to perform 
surgery in patients who are in hazardous environ- 
ments or who have been victims of biologic or 
chemical warfare agents. Surgical procedures could 
be safely performed uring prolonged radiographic 
imaging. It could provide surgical expertise in 
situations in which an experienced surgeon is not 
available, such as enabling life-saving trauma surgery 
in rural settings or on a battlefield. Telepresence 
surgery could also be used to provide expert assis- 
tance to trained surgeons who are performing 
difficult or unusual procedures in a community 
hospital and are unable or unwilling to transfer a 
patient o a tertiary care center. 
We describe the first studies of the use of 
telepresence surgery on live animals. We have dem- 
onstrated the technical feasibility of remote tissue 
handling by performing tissue incision, dissection, 
and blood vessel suturing completely by telepresence 
surgery. 
MATERIALS AND METHODS 
Telepresence surgery system. The telepresence 
surgery system used in these studies was developed by 
SRI International. It is a unique modular system that 
comprises a surgeon's workstation and a remote 
surgical unit (RSU) (Fig. 1). The workstation 
provides a full-color stereoscopic (3D) image of the 
operative field projected in real-time full-frame video. 
Beneath the imaging screen are two surgical instru- 
ment handles that are grasped by the surgeon. The 
ergonomic design is such that a completely natural 
orientation of operative field and hand position are 
attained. Alsoincluded are stereophonic audio input, 
a microphone for communicating with the RSU, and 
video displays of the remote operating room. 
The RSU is positioned over the operating table at 
a location removed from the workstation. The only 
physical connection between the two units is an 
electronic data cable, which could be replaced by a 
wireless communications link. The RSU has two 
high-resolution digital videocameras with electronic 
zoom lenses oriented to provide 3D image transmis- 
sion. Beneath the cameras are servomotor-controlled 
manipulator arms with interchangeable surgical in- 
stnament attachments on their ends. 
Degrees of freedom (DOF) refers to the number 
of different ways that a robotic arm can move. The 
human arm has 7 DOF, and the human hand has over 
20 DOF. 7 In the current elepresence surgery system, 
the manipulators have 4 DOF, plus opening and 
closing of the actuators (the surgical instruments 
attached to the manipulators) (Fig. 2). Thus the 
surgeon operates as though his or her wrist were 
immobilized. The movements of the surgeon's hands 
at the workstation are precisely and instantly trans- 
lated to movement of the instruments at the ends of 
the manipulator arms of the RSU. Instruments 
currently available include a scalpel handle, needle 
holders, curved and blunt graspers, and fine scissors. 
An essential component of the telepresence sur- 
gery system is force reflection, the built-in tactile 
feedback provided to the surgeon at the workstation.8 
Each movement made by the surgeon at the work- 
station is resisted by the tissue in contact with the 
surgical instrtunents on the RSU. The resistance is
proportional to the force applied and the character- 
istics of the tissue manipulated. For example, when 
grasping and retracting a tissue, the sense of resis- 
tance to stretch is instantly felt by the surgeon at the 
workstation, which allows him or her to reduce the 
force of grasping to prevent tearing. This sensation is
similar to that achieved uring tissue manipulation i
conventional open surgery and is essential for precise 
atraumatic handling of tissues. Because it reproduces 
the normal tactile input, surgery with the telepres- 
ence surgery system feels natural and intuitive to 
surgeons. 
Ex vivo studies. Three-cm incisions were made 
anteriorly in fresh excised segments of bovine aorta. 
Conventional techniques were used to close the 
arteriotomies with continuous nmning suture of 4-0 
polypropylene or Gore-tex (W.L. Gore and Asso- 
ciates; Flagstaff, Ariz.). Tapered-point eedles were 
used. 
Telepresence closure of arteriotomies were per- 
formed by a surgeon at the workstation. Assistance 
was limited to suture-cutting by a nonphysician 
assistant located at the RSU. A suture was placed in 
the operative field by the surgical assistant, after 
which all tissue manipulation was performed by the 
surgeon at the workstation. All procedures were 
recorded in real time on videotape. One of the stereo- 
scopic cameras on the RSU was used for recording 
telepresence surgical procedures, and a scene camera 
was used for conventional procedures. 
Time-and-motion analysis was conducted by a 
complete review of all videotapes by the senior 
clinical author (JCB). Times for suture placement 
(start of needle entry into tissue until removal from 
tissue at the end of the bite), positioning (needle 
JOURNAL OF VASCULAR SURGERY 
Volume 23, Number 2 Bowersox et al. 283 
Fig. 1. Telepresence surgery system. A, Surgeon's workstation with 3D viewing screen and 
instrument handles. B, RSU with manipulator arms. 
removal from tissue to start of next bite), and knot 
tying were recorded. 
In vivo studies. All animal care complied with 
the "Principles of Laboratory Animal Care" (formu- 
lated by the National Society for Medical Research), 
and the Guide for the Care and Use of Laboratory 
Animals (NIH Publication No. 86-23, revised 1985). 
General anesthetic was used in female swine weigh- 
ing 35 to 50 kg. Noninvasive cardiac, respiratory, and 
blood pressure monitoring was performed through- 
out the course of the experiments. 
Common femoral arteries were exposed and 
isolated by the telepresence surgeon, and 100 U/kg 
heparin was administered intravenously. After the 
surgeon occluded the femoral artery by applying 
traction to vessel loop% a 3-cm arteriotomy was 
made. 6-0 polypropylene or polytetrafluoroethylene 
(PTFE) suture on a tapered needle was used to close 
the arteriotomy in a continuous running suture. As in 
ex vivo experiments, assistance was limited to cutting 
suture. At the completion of the arteriotomy closure, 
clamps were removed. Hemostasis was achieved with 
topical Gelfoam (Upjohn, Kalamazoo, Mich.) or 
fibrin adhesive (American Red Cross, Rockville, 
Md.) held in place for 2 minutes by the surgeon 
working through the telepresence surgery system. 
Patency was confirmed by continuous-wave Doppler 
insonation conducted immediately after and 1 hour 
after repair and by transecting the femoral artery 
distal to the repair at the completion of the study and 
observing pulsatile blood flow. Repaired arterial 
segments were then excised and opened. The pres- 
ence of thrombus and the integrity of the suture line 
were noted. 
RESULTS 
Ex vivo experiments. Conventional c osure of a 
3-cm arteriotomy, including knot tying at the begin- 
ning and end of the suture line, required 192 + 24 
sec (n = 4). Arteriotomy closure performed with the 
telepresence surgery system required 483 _+ 118 sec 
(n = 9). All procedures by either technique were 
technically acceptable as assessed by integrity to 
pressure perfusion, patency, and intraluminal evalu- 
ation of the suture line. 
With conventional techniques, 79% of the time 
was spent placing sutures and 21% tying knots. With 
telepresence surgery, 76% of time was spent placing 
sutures and 24% tying knots. Telepresence surgery 
required more time for grasping and repositioning 
the needle between each suture than did conventional 
suturing. 
Eliminating force feedback (tactile sensation) and 
3D imaging resulted in a 16% to 20% mean increase 
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Fig. 2. DOF describe the planes in which manipulator 
arms can be moved. 4 DOF plus actuator (instrument tip) 
opening and closing are available inthe current telepresence 
surgery system. 
in the time required to complete the procedure with 
telepresence surgery, although the technical quality 
was comparable in each case. Subjectively, lack of 
force feedback and 3D imaging eliminated the 
intuitive sensation a d increased operator fatigue. 
This was most noticeable when working on small- 
diameter vessels, in which the ability to complete 
procedures was severely compromised. 
Other ex vivo procedures performed with bovine 
aortae were patch angioplasty with a 0.4-mm PTFE 
cardiovascular patch (n = 4) and end-to-side PTFE 
patch to aorta anastomosis performed with 6-ram 
thin-walled PTFE (n- -4) .  The procedures were 
completed with telepresence surgery with technically 
acceptable r sults. That the RSU manipulator had 
only 4 DOF required rotation of the aorta to 
complete the procedures- a limitation that would be 
overcome with additional manipulator DOF. 
In vivo femoral artery repair. With a continu- 
ous suture, 2-cm lacerations in common femoral 
arteries were closed successfully by telepresence 
surgery with the starting suture placed in a mattressed 
fashion. Arteriotomy closure required 1388 + 122 
sec (n = 6) with the telepresence surgery system. All 
closures performed by telepresence surgery were 
technically adequate, patent, and without suture-line 
bleeding. In no instance did excessive tension result 
in a tear in the blood vessel or a break in the suture. 
DISCUSSION 
More than 4 decades ago, harnessing atomic 
energy required methods for safely handling danger- 
ous amounts of radioactive materials. Separating 
nuclear workers from contaminated environments 
was first accomplished by creating mechanical links to 
manipulate tools used in hazardous paces. 9 This 
method was effective for very specific tasks over short 
distances and is occasionally used today. True remote 
manipulation, or teleoperation, was developed to 
handle large items that were physically remote from 
the operator. These manipulator systems were cum- 
bersome and relied only on visual input to the 
operator. Although they were effective for handling 
large objects in tasks that required only moderate 
accuracy, the lack of tactile feedback hindered the 
ability to precisely position small objects or perform 
intricate tasks. 1° 
Telepresence manipulators provided tactile sen- 
sory input to the operator by providing force 
feedback, which is a sense of resistance encountered 
by the manipulator arms when contacting objects in 
the remote nvironment. Force feedback resulted in 
more rapid and accurate task completion and de- 
creased operator fatigue. With force feedback, tasks 
that required greater precision could be per- 
formed.ll'12 
In the 1970% the National Aeronautics and Space 
Administration began developing telepresence sys- 
tems for surgery in space) 3The anticipated construc- 
tion and operation of a manned space station 
required contingency planning for emergency surgi- 
cal care in a location where specialists would be 
unavailable. Although the spacestation was never 
built, the potential of remote telepresence surgery in 
a broad spectrum of applications was recognized. 
Continued research and the maturation of necessary 
supporting technologies facilitated the development 
of a complete integrated system that could be used in 
preclinical studies. Our goal was to demonstrate the 
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feasibility of using a telepresence surgery system to 
perform common procedures that require the cog- 
nitive and motor skills of a trained surgeon. The 
dissection, handling, and suturing of tissue are tasks 
common to all surgical disciplines. Vascular anasto- 
moses and the closure of small-vessel arteriotomies 
requir e psychomotor integration of basic skills and 
represent reasonable clinical criteria for judging the 
system's effectiveness. On the basis of these criteria, 
telepresence surgery was successful. In remote or 
battlefield applications of telepresence surgery, a 
nonphysician assistant would be trained to assist he 
telepresence surgeon. For this reason, assistance 
during our studies was limited to technical skills that 
a surgical technician is currently trained to provide. 
These skills include tissue grasping, suture cutting, 
and retraction. 
A primary objective in designing complex systems 
that require operator control or input is creating an 
ideal human interface. The ideal interface isone that 
feels completely natural, or intuitive, to the user) 4 
Laparoscopic surgery is not natural because the 
eye-hand axis normally used in surgery and everyday 
tasks is disrupted. Instead of looking down at his or 
her hands while working, the laparoscopic surgeon is 
forced to look up at a screen, disrupting normal 
oculovestibular sensory input, is A further limitation 
oflaparoscopic surgery isthe use of long instruments 
with the fulcrum located at the abdominal wall, far 
from the tissues being manipulated. Tactile feedback 
is lost, and precise tissue manipulation is more 
difficult. Consequently, laparoscopic surgical skills 
need to be learned and reinforced by regular practice. 
We found the telepresence surgery system to be 
remarkably similar to conventional surgery. No 
special training was conducted before using the 
system, and the time required for suturing and tying 
did not decrease substantially with use. Subjective 
comments about how closely telepresence techniques 
resembled conventional techniques add further sup- 
port to this contention. Almost invariably asurgeon 
using the telepresence system would at some point 
remove a hand from the instrument handle and 
attempt to retract issue as if the operative field was 
right there. The successful c osure of arteriotomies in 
2- to 3-mm diameter vessels demonstrated the 
feasibility of telepresence surgery in a procedure that 
requires a high degree of integration of technical 
skills. We believe that the longer times required for 
task completion by telepresence surgery reflect he 
reduced DOF available in the current system and the 
limitations imposed by the current selection of 
instruments. The needle holders and forceps used 
were larger than optimal for fine vascular suturing, 
which made needle grasping and knot tying more 
difficult. Vascular instruments are currently being 
adapted for use with the telepresence surgery system. 
Stereoscopic vision and force reflection contrib- 
uted to the intuitive interface. The observation that 
simple suturing could be performed without either 
feature with only a modest increase in task- 
completion times most likely reflects the ability of 
the human visual system to use alternative sources 
of depth information when stereoscopic vision is 
lost. Other cues, including perspective, interposi- 
tion, contrast, object size, and shadows become of 
primary importance. 8 Of equal significance is that 
procedures became tedious and fatigue developed 
quickly. Suturing of small vessels was so difficult as 
to be impractical. Further studies of visual and 
tactile cues are required to define the optimal user 
interface) 6 
The current telepresence surgery system has only 
four DOF in the manipulator arms. Thus the 
potential range of instrument movements simulates a 
human arm with a fused (nonmobile) wrist. Al- 
though the system is adequate for demonstrating 
feasibility, wrist function will need to be added for it 
to achieve widespread acceptance in clinical use. The 
next-generation system will provide a full 7 DOF in 
the manipulator a ms. With this addition, asurgeon 
will be capable of performing virtually all hand 
movements used in the operating room. 
The obvious uses of telepresence surgery are in 
the extension of the expertise of a surgeon to 
locations not currently possible. In the military, 
hemorrhage is the primary cause of death on the 
battlefield. Most casualties exsanguinate within 30 
minutes of wounding.17~18 Although it is impossible 
to have enough surgeons on the front lines in battle, 
it is feasible to have an RSU accompanying the 
medics who first encounter wounded soldiers. These 
medics will have the training to provide surgical 
assistance and perform paramedic skills, including 
intubation and initiation of intravenous access. Par- 
allel development programs are exploring methods 
for providing anesthetic support o distant locations 
with remote monitoring, artificial intelligence, and 
new drugs. Skilled surgeons operating from estab- 
lished field hospitals or even from the United States 
could rapidly perform life-saving stabilizing surgery. 
Telepresence surgery could help provide the first 
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reduction in early battlefield mortality in more than 
150 years. 
Another unique application o f  telepresence sys- 
tems is the performance of  emergency surgery in an 
hazardous environment or on a casualty contami- 
nated by biologic or chemical warfare agents. With 
such systems, the current limitations imposed by 
chemical protective suits or the delays imposed by 
patient decontamination could be overcome. Re- 
moving unexploded munitions from body cavities is 
another potential use with both military and civilian 
applications. 19 
Advanced telepresence surgery systems could be 
used in minimally invasivc surgery and would return 
the instrument fulcrum and dexterity to the tissue 
level. This would facilitate vascular anastomoses 
through small trocar incisions and permit some 
procedures now done by conventional techniques to 
be performed lessinvasively. 2°
Because all hand and manipulator movements 
are digitally processed, force-reduction algorithms 
can be introduced that would allow movements o f  
a surgeon's hands to be scaled down at the tissue 
level. Thus a 10-ram hand excursion by the surgeon 
could be translated to 0.1 mm or even less at the 
tissue level. Microvascular procedures could be per- 
formed on a level that is not possible with con- 
ventional techniques. The same approach could be 
used to dampen incorrect movements or tremors, 
which would allow novice, aging, nervous, fatigued, 
or less-dexterous surgeons to perform vascular pro- 
cedures. 21 
Telepresence surgery systems will require further 
evolution and testing before they extend a surgeon's 
reach to a remote operating room. Most  important in 
the development process is a sound clinical founda- 
tion. By demonstrating that fundamental procedures 
in vascular surgery can be performed by a remotely 
located surgeon, we have taken the first steps to 
acquiring a revolutionary new tool for the 21st 
century surgeon. 
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Technical details of the SRI Telepresence Surgery 
System and videotapes of procedures performed are 
available from the Medical Technology Laboratory, SRI 
International, 333 Ravenswood Drive, Menlo Park, CA 
94025. 
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DISCUSSION 
Dr. Sushil K. Gupta (Framingham, Mass,). I con- 
gratulate Dr. Bowersox for reaching an important mile- 
stone in a journey that began two decades ago-  a journey 
to perform surgery in space by remote control. 
The goals of this project are nob le - to  operate on 
patients in distant locations or hazardous environments. I 
do not want to belittle the authors' significant achievement 
to date by asking them simple questions uch as who will 
prep and drape the patient, who will administer anesthetic, 
and who will then care for the patient. It is a significant 
achievement to be able to tie a 6-0 polypropylene suture 
with a remotely controlled robotic device. I can't even get 
our residents to do this without breaking or entangling the 
suture while I 'm standing at the table. 
I empathize with fellow members in the audience who 
are wondering: With the radiologists encroaching on our 
business on one end and now robots appearing at the other 
end, isn't it time to retire? 
Dr. Bowersox will acknowledge, however, that signif- 
icant challenges are still ahead. I have some performance 
concerns. Is there any lag time now with the current system 
tethered at 600 feet and only 4 DOF in the robotic arm? 
What will happen to the bandwidth and throughput when 
you go wireless and add 7 DOF and better optics? Are there 
plans to add head-mounted motion systems to simulate 
head movement to look in deeper or fix the posterior wall 
injury that is all too common? Would it not increase the 
digital communication requirements such that it would 
prevent real-time surgery? In a recent experiment, he 
network control of teleoperators not too far away had 
significant lag times of 50 msec to several seconds, which 
makes some tasks impossible to carry out. 
I also disagree with the authors' contention that this 
approach could be used to dampen incorrect movement or 
tremors, allowing novice, aging, nervous, or less-dexterous 
surgeons to perform vascular procedures. I do agree that 
further development of this kind will greatly enhance the 
field of minimally invasive surgery and allow vascular 
surgeons to perform some procedures with laparoscopic 
techniques by improvements in the vision and the instru- 
mentation to carry out more delicate tasks. 
Dr. Bowersox. Thank you for your insightful review 
and pertinent questions. I'd like to emphasize from the start 
that the telepresence surgery program is one small com- 
ponent of a larger program sponsored by the Advanced 
Research Projects Agency and supported by the National 
Institutes of Health in Advanced Technology in all areas of 
biomedicine, and I think that information will provide the 
answers with regard to how this system is going to 
integrate with the access to anesthetic and to physiologic 
monitoring. 
Once again, I 'm a clinician and not a computer scientist 
or engineer, but I 'd like to briefly review some of the 
questions you raised about the technical issues of the 
system. Lag time is certainly an issue when you deal with 
satellite communications. Rudimentary studies have 
shown that if you introduce more than 100 msec of lag 
time, it is very difficult to do surgery with accuracy and 
precision. This difficulty does not occur if you remain in a 
fiberoptic environment or even over a microwave link. So 
the quick answer to that question is it can be done with 
current technology at distances up to but not including 
satellite links. We can go across country or even across a 
continent with fiberoptic ommunications. A solution is 
underway with software development that will allow this 
connection to go over a satellite link, although probably not 
for the next several years. 
The 4 DOF is a limitation; it's currently as though you 
were operating with a fused wrist. A prototype of a 
manipulator with 7 DOF has been built and should be 
ready for testing by the end of 1995. This prototype will 
allow all motions of the human arm to be modeled and 
should remove the limitation imposed by having only four 
DOF. 
The bandwidth requirements are modest. From a 
technical perspective, 45 megabits/sec should provide the 
bandwidth necessary for this system. Interestingly, most of 
that requirement is for the stereo video, which can be 
accommodated by current fiberoptic networks with no 
compression. That the bandwidth is not a limitation 
surprised me when I first started working on the system. 
The actual manipulator and tactile feedback occupies avery 
small portion of that bandwidth, only 1 megabit/sec, which 
won't increase substantially when going to 4 DOF. 
The head-mounted display is a very intriguing concept; 
we're testing it now in the laboratory. Will this have a role 
for the aging, disabled, or tremulous surgeon? I'm not sure, 
but I do know that this system could be used to overcome 
those limitations, and I think it's something that we as 
clinicians need to explore and make a decision about. 
